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Methods: Among 952 participants in the Study of Health in Pomerania, data on serum free thyroxine (FT4) and thyrotropin and comprehensive nontargeted metabolomics data from plasma and urine samples were available. Linear regression analyses were performed to assess the association between FT4 or thyrotropin and metabolite levels.
Results and Conclusion: After accounting for major confounders, 106 of 613 plasma metabolites were significantly associated with FT4. The associations in urine were minor (12 of 587). Most of the plasma metabolites consisted of lipid species, and subsequent analysis of highly resolved lipoprotein subclasses measured by proton nuclear magnetic resonance spectroscopy revealed a consistent decrease in several of these species (e.g., phospholipids) and large low-density lipoprotein and small high-density lipoprotein particles. The latter was unique to men. Several polyunsaturated and saturated fatty acids displayed an association with FT4 in women only. A random forest-based variable selection approach using phenotypic characteristics revealed higher alcohol intake in men and an adverse thyroid state and menopause in women as the putative mediating factors. In general, our observations have confirmed the lipolytic and lipogenic effect of thyroid hormones even in the physiological range and revealed different phenotypic characteristics (e.g., lifestyle differences) as possible confounders for sex-specific findings. (J Clin Endocrinol Metab 103: [2050] [2051] [2052] [2053] [2054] [2055] [2056] [2057] [2058] [2059] [2060] 2018) T hyroid hormones (THs), with triiodothyronine (T3) and thyroxine (T4) as the major secretion products of the thyroid gland, play a vital role in the human organism owing to the substantial expression of their corresponding nuclear receptors in almost all tissues (1) . They are crucial for the regulation of energy expenditure, carbohydrate and lipid metabolism, and thermogenesis (2) . Furthermore, THs exert effects in several other tissues, including the brain, liver, and gut (3) .
Within the circulation, THs are mainly bound to proteins (3) and appear only in minor free fractions (FT3, FT4), which are considered as the biologically active pool. Synthesis and secretion of THs are under control of the hypothalamic-pituitary-thyroid axis, with thyrotropin (TSH) released from the pituitary as the main stimulus. Release of TSH, in turn, is suppressed by high serum TH levels, establishing a negative feedback loop that is regarded as the reference standard for diagnosis of thyroid disorders in clinical practice (4) .
In a very recent study (5), we were able to show that a hypothesis-free profiling of the small molecule and protein content of plasma samples (so-called metabolomics and proteomics) in a clearly defined human model of thyrotoxicosis allowed for the derivation of a TSH-and FT4-independent diagnostic signature. The signature comprised molecules likely representing increased resting energy expenditure accompanied by augmented defense against systemic oxidative stress and a prothrombotic and proinflammatory state (5) . The results (e.g., elevated acylcarnitine levels) were in agreement with previous population-based findings (6) and recovery of euthyroidism among women with Graves disease (7) . Profiling of urine samples using proton nuclear magnetic resonance (NMR) spectroscopy among large cohorts (8, 9) complemented the plasma fingerprint with respect to glucose metabolism and nutritional behavior and, in particular, questioned the proposed diagnostic redundancy of TSH and FT4. In part, these observational results were supported by intervention studies in rodent models (10, 11) . In summary, those studies emphasized the particular value of metabolomics techniques to reveal novel modes of action in relation to THs and putatively improve the diagnosis and treatment of thyroid disorders.
All the previous work relied on distinct platforms for metabolomics analyses, which might account for the discrepancies and missing replication of findings seen between the studies. To overcome this drawback, the present study has related the alterations in serum TSH and FT4 with metabolomics data using comprehensive profiling of plasma and urine samples measured via mass spectrometry (MS) and proton NMR spectroscopy within a sample from the general population.
Materials and Methods

Study population
The Study of Health in Pomerania (SHIP-TREND) is a population-based study conducted in West Pomerania, a rural region in northeast Germany, and a detailed description of the sampling procedure and the study population has been previously reported (12) . In total, 4420 subjects chose to participate (50.1% response). All participants gave written informed consent before participating in the study. The ethics committee of the University of Greifswald approved the study, which conformed to the principles of the Declaration of Helsinki. The SHIP data are publicly available for scientific and quality control purposes by application (available at: www.communitymedicine.de).
For a subsample of 1000 subjects without self-reported diabetes, plasma and urine metabolomics data based on MS and NMR were available. Subjects with missing values for either TSH or FT4 (n = 36) or confounders considered (n = 3), and subjects reporting intake of medication that influences hormone levels [n = 9; amiodarone (ATC code C01BD01) or oral glucocorticoids (ATC code H02AB)] were excluded, resulting in a study population of 952 subjects.
Laboratory measurements and phenotypic characterization
Smoking status (current, former, or never smokers), daily alcohol consumption, and physical activity ($1 hour training a week) were assessed using computer-aided personal interviews. Participants' self-reported history of thyroid disease was recorded and included hyperthyroidism, hypothyroidism, goiter, thyroid nodules, or other (Supplemental Table 1 ). The waist circumference was measured midway between the lower rib margin and the iliac crest in the horizontal plane. The mean daily alcohol consumption was calculated using beveragespecific pure ethanol volume proportions. Fasting blood samples were taken from the cubital vein with the participants in the supine position between 7:00 AM and 12:00 PM. In the same period, spot urine samples were taken. All samples were either analyzed immediately or stored at 280°C in the Integrated Research Biobank (LiCONiC Instruments, Mauren Principality, Liechtenstein). The serum levels of TSH, FT3, and FT4 were measured using an immunoassay (Dimension VISTA; Siemens Healthcare Diagnostics, Eschborn, Germany) with a functional sensitivity of 0.005 mU/L for TSH, 0.77 pmol/L for FT3, and 1.3 pmol/L for FT4. Serum cystatin C, lipids [total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides], and serum activities of alanine aminotransferase were measured using standard methods (Dimension VISTA; Siemens Healthcare Diagnostics). The cystatin C-based estimated glomerular filtration rate was calculated using the CKD-EPI equation (13) .
Metabolomics measurements
A detailed description of all applied measurement techniques is given in the Supplemental Methods. In brief, four different approaches were combined: (1) nontargeted MS-based profiling of plasma and urine samples, as reported previously (14); (2) targeted MS-based profiling of plasma samples using the AbsoluteIDQ p180 Kit (Biocrates Life Sciences AG, Innsbruck, Austria); (3) NMR-based profiling of urine samples, as reported previously (15); and (4) NMR-based profiling of plasma samples to derive lipoprotein particles.
After quality control and preprocessing (Supplemental Methods), 613 plasma and 587 urine metabolites were available for statistical analysis. A total of 177 plasma metabolites and 302 urine metabolites could not be unambiguously assigned to a chemical identity and have been referred to hereafter with the notation "X" followed by a unique number. Data on lipoprotein particles comprised 117 measures describing the gradient from very-low-density lipoprotein (VLDL) particles to HDL particles, including their triglycerides, cholesterol, free cholesterol, phospholipid, and apolipoprotein (Apo)B, ApoA1, and ApoA2 content.
Statistical analysis
Linear regression models were created to assess the association between TSH, FT3, or FT4 (independent) and plasma and urine metabolites (dependent). The concentrations of TSH were log-transformed. Possible confounding was avoided by controlling for age, sex, waist circumference, smoking behavior, physical activity, estimated glomerular filtration rate, and serum alanine aminotransferase activities. The models were separated by sex, if an at least nominally statistically significant (P , 0.05) interaction term between one of the hormones and sex became obvious. Furthermore, all analyses were repeated considering only euthyroid subjects [n = 771; TSH, 0.49 to 3.29 (16); FT4, 9.4 to 18.5 pmol/L; and no intake of thyroid-related medication; ATC code, H03A/B]. Correction for multiple testing was performed using the Benjamini-Hochberg procedure, controlling the false-discovery rate (FDR) at 5%. To elucidate sex-specific findings, we used Boruta feature selection (17) to derive important predictors of serum FT4 levels separately for men and women (Supplemental Methods). Statistical analyses were performed using SAS statistical software, version 9.4 (SAS Institute, Inc., Cary, NC) and R, version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
The study included subjects aged 20 to 81 years. Men showed a less favorable health status compared with women, including an unfavorable lipid profile and higher alcohol consumption (Table 1) . Although women had a greater prevalence of thyroid disease, no difference in TSH values became apparent; however, the FT4 values were slightly lower and FT3 values were slightly higher in men (Table 1) .
Association between hormone measurements and plasma metabolome
The FT4 levels showed substantial associations with 106 of 613 plasma metabolites ( Fig. 1) , mainly lipids (n = 84) and, to a far lesser extent, amino acids (n = 6) and other compounds. The lipid profile comprised nonesterified fatty acids (NEFAs), including monounsaturated (e.g., oleate) and polyunsaturated (e.g., docosahexaenoate and linoleate) species of medium-to long-chain length. All of them were positively associated. Further positive associations with FT4 included numerous acylcarnitine species, 3-hydroybutyrate, 1-monopalmitin, and 1-monoolein. Consistent inverse associations with FT4 were noted for complex lipids [i.e., phosphatidylcholines and sphingomyelins with diverse fatty acid (FA) residues], lysophosphatidylcholines (LPCs) with FA residues of medium-to long-chain lengths, and lysolipids containing ethanolamine as the head group. In contrast, FT4 showed positive associations with lysolipids with polyunsaturated FA residues. Further positive associations with FT4 included two androstenedione derivatives, S-methylcysteine and (E,E)-bilirubin, and the complement C3 fragment HWESALLR. Not least, FT4 and uridine were inversely associated. Associations with FT3 were less apparent in plasma (n = 55; Supplemental Figure 1 . Standardized b-estimates from linear regression analysis with FT4, with exposure and plasma metabolites as outcomes, including the whole population (squares), only men (circles), or only women (diamonds). Displayed are only metabolites that were statistically significant (controlling for the FDR at 5%) in at least one of the subsets (indicated by colors). Metabolites printed in bold showed a nominal statistically significant (P , 0.05) interaction term between FT4 and sex. Fig. 1 ) compared with FT4 and mirrored in part the positive associations with lipid species (e.g., acylcarnitines and FAs). Additionally, FT3 showed positive associations with arginine, tryptophan, and tyrosine in plasma, which were not seen with respect to FT4. Unique positive associations with FT4 among women became apparent with respect to medium-chain NEFAs, long-chain polyunsaturated fatty acids, and lysophospholipids carrying such FA residues (Fig. 1) . Furthermore, the inverse association between FT4 and kynurenine, citrulline, histidine, and dihydroxyphenylalanine and the positive associations with 3-hydroyisobutyrate and L-urobilin were unique to women. The inverse associations between serum FT4 and the phosphatidylcholines (PCs) PC aa C30:0, PC aa C32:1, PC aa C34:1, and PC aa C34:4 were stronger in men than in women.
Based on a data-dependent metabolic network construction (Supplemental Methods), we identified a subset of unknown compounds strongly related to bile acids (Fig. 2) , with positive associations between FT4 and, for example, glycolithocholate sulfate. These associations were more apparent among women (Fig. 2) . After correcting for multiple testing, no associations with TSH were apparent.
Association between hormone measurements and urine metabolome
In general, substantial associations between FT4 and urinary metabolites (n = 12) were sparse (Supplemental Fig. 2 ). For example, FT4 was positively associated with 3-hydroxysebacate and inversely with isovalerylglycine. Similar findings held true for FT3 (n = 13 urineassociated metabolites; Supplemental Fig. 1 ). In brief, serum FT3 was inversely associated with several glycine conjugates. No substantial associations with TSH were seen.
Lipoprotein particles
FT4 levels were significantly associated with more than one half of the derived lipoprotein measures (Fig. 3) . Those included classic parameters (e.g., total cholesterol or LDL cholesterol and HDL cholesterol) and more specific parameters (e.g., total ApoA1, ApoA2, and ApoB levels). FT4 was inversely associated with large and small dense LDL and with HDL particles and related measures. In part, these associations were mirrored by TSH but with the association direction inverted (all positively associated with TSH). Serum FT3 was associated positively with large VLDL particles and small dense LDL and HDL particles (Supplemental Fig. 3) .
A sex-specific effect became apparent with respect to medium-dense HDL particles (HDL3) and related measures, which were inversely associated with FT4 among men only (Fig. 3 ).
Restriction to a euthyroid subsample
The vast majority of associations apparent in the whole population remained substantial when restricted to a euthyroid subsample (78 of 106; Supplemental Fig. 4 ). However, several of these interactions between men and women were no longer statistically significant (Supplemental Fig. 5 ). Persisting plasma metabolites with substantial FT4-sex interactions included citrulline, docosapentaenoate, 2-palmitoleoylglycerophosphocholine, 2-palmitoylglycerophosphocholine, PC aa C32:1, and the unknown compound X-11315.
Sex-specific feature selection
To test whether differences in phenotypic characteristics rather than sex per se accounted for the observed sex differences, we used a Boruta feature selection approach, which provides an inherent measure of variable importance. From a list of .50 phenotypic attributes (Supplemental Methods), including lifestyle, thyroid state, and anthropometric and laboratory parameters, Figure 2 . Subnetwork of the derived Gaussian graphical model with emphasize on bile acids and related compounds. On each node, the results from linear regression analysis for visceral fat were mapped for the whole population (dark gray), only women (light gray), or only men (gray) as a portion of the association strength given as -log 10 (FDR 2 value). Statistically results in at least one population, with an FDR ,5%, are highlighted by colors. Node sizes were chosen to represent the maximum association strength. Edges represent statistically significant partial correlations (par. cor.) between metabolites. Type and color represent metabolite and fluid dependencies. diff., different; Met., metabolite; non-sign., not statistically significant; P, plasma metabolites; sign., statistically significant; U, urine metabolites.
15 and 13 were identified as important factors for FT4 levels in women and men, respectively (Fig. 4) . Strong discrepancies between the sexes were noted with respect to measures of the thyroid state (more relevant in women) and blood lipids and alcohol intake (more relevant in men). 
Discussion
The present study used comprehensive metabolic profiling in a large cohort from the general population to characterize variation in the two most important surrogates of thyroid function, namely TSH and FT4. The results with respect to lipid metabolism confirmed previous observations, and the combination with comprehensive lipoprotein profiling allowed us to provide a reasonable mechanism for alterations in phospholipids. Furthermore, sex-specific findings were most likely attributable to an adverse thyroid state in women and higher alcohol intake in men. In general, the present study has provided further evidence for the numerous metabolic changes associated with serum FT4 and the missing capacity of TSH to capture those. This is of particular interest for clinical practice, because TSH might not be suitable for monitoring an adequate TH supply to the periphery.
Signature of increased usage of NEFAs
The metabolic fingerprint of FT4 in plasma showed a strong enrichment of lipid species. In particular, positive associations with NEFAs were observed, suggesting increased lipolysis from white adipose tissue with increasing FT4 levels. A T3-dependent increase in catecholamine sensitivity due to enhanced expression of b2-adrenergic receptors on adipocytes is a described mechanism (18, 19) . Even the mitochondrial oxidation of NEFAs was shown to be accelerated by T3, mainly owing to increased conjugation of NEFAs with carnitine to facilitate their entrance to mitochondria (20) . The resulting intracellular accumulation of acylcarnitine species likely induces their spill into the blood stream and hence explains the pronounced acylcarnitine signature seen in the present and previous studies (5-7).
Ubiquitous decline in lipoprotein particles
FT4 exhibited pronounced inverse associations with different characteristics of LDL and HDL particles. Previous work (21) has already described a reduction in large LDL and HDL particles in hypothyroid women after levothyroxine treatment, an observation confirmed in the Framingham Heart Study (21) . With respect to LDL particles, THs accelerate their removal from blood through transcriptional upregulation of hepatic LDL receptor expression (22, 23) . In addition, THs regulate the expression of key genes involved in lipoprotein metabolism (24) , including those encoding for cholesteryl-ester transport protein, hepatic lipase, and lipoprotein lipase (25, 26) . Increasing cholesteryl-ester transport protein activity would enhance the transfer of core lipids, triglycerides, and cholesteryl esters from HDL2 toward VLDL and intermediatedensity lipoprotein and remnants, forcing depletion of the triglyceride content of HDL particles, which aligns with our observations. Through hydrolysis of atherogenic HDL2 and their subsequent conversion to HDL3, even a TH-dependent increase in hepatic lipase activity could additionally explain our observations (26) . In addition to the modification of HDL particles within the circulation, THs also increase their hepatic uptake by inducing the multiple-ligand binding scavenger receptor class B member 1, which is the primary receptor for HDL.
The TH-mediated decrease in lipoprotein particles likely accounts for the pronounced inverse associations between several phospholipid species (PCs) and FT4. This assumption is supported by the observation of strong positive correlations between lipoprotein particles and PCs (Supplemental Fig. 6 ). Furthermore, the single-layer surrounding a lipoprotein is composed of different PC species. Even if the PC content of lipoproteins differs during their turnover, the ubiquitous effect of THs in the present study included lipoproteins of different density and function and hence different PC compositions.
FT4 and bile acid metabolism
Excess hepatic cholesterol stimulates bile acid production. The limiting step in this process, namely the addition of a hydroxyl group, is facilitated by cholesterol 7-hydroxylase and is moderately stimulated by THs (27, 28) . In line with this, FT4 was positively associated with the downstream bile acid derivative glycocholate sulfate and among women with glycolithocholate sulfate. Even an opposing effect direction might be reasonable because bile acids are known to stimulate hepatic deiodinase 2 activity and hence conversion of T4 to T3 (29) . However, no relation between FT3 and these bile acids became apparent. Greater general clinical relevance might arise because both named bile acid species have been suggested to predict the onset of atrial fibrillation (30) , and subclinical hyperthyroidism constitutes a well-established risk factor for atrial fibrillation (31) , remembering that the association proposed between bile acids and atrial fibrillation might have resulted from not controlling for thyroid function in the study (30) rather than an effect of bile acids per se.
FA residue-dependent associations with LPCs
We observed an inverse association between FT4 and various LPCs and lysophosphatidylethanolamines. LPCs are generated, among others, through hydrolysis of membrane phospholipids by phospholipase A2 activity (32) . A decrease of hepatic phospholipase A2 messenger RNA was observed in T3-treated rats (33) . Decreased phospholipase A2 activity would result in a strong decline of LPC generation and might explain our observation. Further confirming observations were noted in previous rodent studies of thyroid disease (10, 11) . However, LPC species with polyunsaturated FA residues showed positive associations with FT4, and we made similar observations previously (5). We supposed that adaptions in mitochondrial membrane composition, replacing polyunsaturated with saturated FAs, to avoid lipid peroxidation due to an increased presence of reactive oxygen species from enhanced respiration might be a reasonable explanation. In addition, LPCs are known to decrease under inflammatory conditions (e.g., inversely associated with plasma fibrinogen) (34) . Fibrinogen levels, in turn, were a common predictor of FT4 levels in both sexes in the present study. However, the link between an inflammatory state and thyroid function has been rather elusive, apart from autoimmunity, and further studies are needed to explore involved mechanisms more in detail.
Observed sex differences resulted in part from an adverse thyroid state in women
We observed different association patterns between women and men for a number of metabolites in relation to FT4, with a particular enrichment in women. Restriction to a euthyroid subsample led to the disappearance of several former statistically significant interaction terms, indicating an influence of the adverse thyroid state among women (;30% with previous thyroid disease). Nonetheless, the positive association between docosapentaenoate and FT4 in women persisted. In previous work (35), we observed a positive association between dehydroepiandrosterone sulfate and docosapentaenoate, which was also unique to women. In addition to its production in the adrenal glands, dehydroepiandrosterone sulfate is released from the ovaries and might therefore suggest a role for estrogen in this context. Even the hormonal shift during menopause might have contributed to our exclusive finding in women, because postmenopausal women exhibited higher FT4 levels in our population, and a previous metabolomics study (36) revealed an increase in polyunsaturated FA species during menopause similar to those observed in the present study.
Higher alcohol intake mediates effects seen only in men FT4 levels were inversely associated with medium dense HDL particles (HDL3) among men only, an effect not previously described. Moreover, HDL3 particles were strongly and positively correlated (Supplemental Fig. 6 ) with those diacyl PCs evenly and uniquely associated with FT4 in men. A recent Mendelian randomization approach (37) provided convincing evidence that HDL3 particles are causally altered by alcohol intake. In line with that, these diacyl PCs were associated with alcohol intake in men only in a population-based study (38) . It is known that chronic high alcohol consumption impairs TH action at multiple levels (e.g., diminishes thyroid volume or impairs hepatic function, resulting in less peripheral conversion of THs) (39, 40) . Together, these processes result in less bioactive THs and might therefore diminish further the downstream metabolic effects of THs or the observed associations are purely mediated by alcohol consumption, decreasing FT4 levels and increasing HDL3 particles.
Inconsistent metabolic profile of FT3
In general, T4 is considered a prohormone and the metabolic effects of TH are mediated in most by T3. One might consider FT3 measurements as a more suitable surrogate marker of metabolic TH action. At the least, in our study, serum FT3 was associated with fewer metabolites compared with FT4, merely mirroring the lipolytic effect discussed. However, distinct associations did become apparent; in particular, the positive associations with small dense LDL particles contrasted with the associations seen with FT4. A possible mechanism to understand this discrepancy might arise from the origin of FT3. Most circulating T3 originates from peripheral conversion of T4, with only minor amounts released by the thyroid gland (1). Hence, serum FT3 relies strongly on tissue-dependent deiodinase activity, in particular, in the liver. Hepatic steatosis has been shown to increase FT3 even in euthyroid subjects (41) and leads to diminished LDL uptake (42) . A prolonged dwelling time of LDL particles in the circulation renders them susceptible to hydrolysis, generating small dense LDL particles. In summary, the inconsistent metabolic profile of FT3 is at least partially explainable by the higher dependency of serum FT3 on nonthyroidal circumstances compared with FT4.
Study strengths and limitations
The strengths of our study were our large sample size of a well-characterized cohort, the availability of detailed information on potential confounders, and the comprehensive metabolic profiling using MS and NMR technologies. The study limitations arose from the cross-sectional design, which does not permit drawing causal conclusions. The replication of our findings in independent cohorts is a further important issue. As our study population did not comprise those with untreated thyroid disorders, it would be of particular interest if the molecular signatures we have observed are evenly present in such patients and, moreover, might be able to guide adequate levothyroxine treatment, given that about~5% to 10% of patients report impaired psychological well-being, depression, or anxiety despite normal TSH levels with standard levothyroxine substitution (43) . Finally, further sex-specific effects of thyroid function (e.g., on the blood lipid profile) might not have been detected within the present study owing to missing enrichment of subjects with subclinical thyroid disorders, in particular, hypothyroidism (44) .
Conclusions
The present study used state-of-the-art metabolomics techniques to address the metabolic implications of TSH and FT4 among a sample from the general population. Manifold associations with respect to FT4 and lipid metabolism were partially expected; however, the present work is an important generalization of previous experimental studies. Moreover, the combination of in-depth phenotyping using classic clinical tools and state-of-theart metabolic profiling allowed us to clarify the sexual dimorphic effects observed and underscore the need for comprehensive data analyses using advanced tools. In general, our results argue for the consideration of FT4 as a relevant marker to monitor an adequate supply of THs to the peripheral tissues in the diagnosis and monitoring of thyroid disorders, because TSH measurements will not reflect these effects.
